The cycling of atmospheric aerosols through clouds can change their chemical and physical properties and thus modify how aerosols affect cloud microphysics and, subsequently, precipitation and climate. Current knowledge about aerosol processing by clouds is rather limited to chemical reactions within water droplets in warm low-altitude clouds. However, in cold high-altitude cirrus clouds and anvils of high convective clouds in the tropics and midlatitudes, humidified aerosols freeze to form ice, which upon exposure to subsaturation conditions with respect to ice can sublimate, leaving behind residual modified aerosols. This freezedrying process can occur in various types of clouds. Here we simulate an atmospheric freeze-drying cycle of aerosols in laboratory experiments using proxies for atmospheric aerosols. We find that aerosols that contain organic material that undergo such a process can form highly porous aerosol particles with a larger diameter and a lower density than the initial homogeneous aerosol. We attribute this morphology change to phase separation upon freezing followed by a glass transition of the organic material that can preserve a porous structure after ice sublimation. A porous structure may explain the previously observed enhancement in ice nucleation efficiency of glassy organic particles. We find that highly porous aerosol particles scatter solar light less efficiently than nonporous aerosol particles. Using a combination of satellite and radiosonde data, we show that highly porous aerosol formation can readily occur in highly convective clouds, which are widespread in the tropics and midlatitudes. These observations may have implications for subsequent cloud formation cycles and aerosol albedo near cloud edges.
The cycling of atmospheric aerosols through clouds can change their chemical and physical properties and thus modify how aerosols affect cloud microphysics and, subsequently, precipitation and climate. Current knowledge about aerosol processing by clouds is rather limited to chemical reactions within water droplets in warm low-altitude clouds. However, in cold high-altitude cirrus clouds and anvils of high convective clouds in the tropics and midlatitudes, humidified aerosols freeze to form ice, which upon exposure to subsaturation conditions with respect to ice can sublimate, leaving behind residual modified aerosols. This freezedrying process can occur in various types of clouds. Here we simulate an atmospheric freeze-drying cycle of aerosols in laboratory experiments using proxies for atmospheric aerosols. We find that aerosols that contain organic material that undergo such a process can form highly porous aerosol particles with a larger diameter and a lower density than the initial homogeneous aerosol. We attribute this morphology change to phase separation upon freezing followed by a glass transition of the organic material that can preserve a porous structure after ice sublimation. A porous structure may explain the previously observed enhancement in ice nucleation efficiency of glassy organic particles. We find that highly porous aerosol particles scatter solar light less efficiently than nonporous aerosol particles. Using a combination of satellite and radiosonde data, we show that highly porous aerosol formation can readily occur in highly convective clouds, which are widespread in the tropics and midlatitudes. These observations may have implications for subsequent cloud formation cycles and aerosol albedo near cloud edges.
glassy aerosols | size distribution shift | aerosol extinction A erosol particles are modified and age during their atmospheric lifetime, resulting in changes in their optical and hygroscopic properties that subsequently determine the aerosols' radiative characteristics and their ability to affect cloud properties via nucleation of ice particles and water droplet formation. Outside of clouds, aerosol particles undergo changes in size, composition, volatility, and concentration following gas-particle partitioning, oxidative aging induced by photochemistry, and heterogeneous uptake of gas-phase reactive trace gases (1) . Varying conditions of temperature and ambient relative humidity (RH) affect the aerosols' hygroscopic growth and phase state, further changing their properties (2, 3) .
In haze, fog, and cloud droplets, aerosols can also be modified following aqueous-phase reactions (such as oxidation, nitration, and acid-base reactions) (1, 4) . Studies of aerosol processing by clouds have predominantly focused on warm clouds and aqueous-phase reactions (4) that lead to the formation of secondary organic aerosol material (5) and modify the size and composition of the resulting particles (6) .
Despite the importance of tropospheric ice clouds to Earth's radiative balance and climate (7, 8) and extensive efforts to understand many of the processes within cirrus clouds (9) , little attention has been given to the processing of aerosols by the cloud ice phase. As clouds continually form and dissipate, it is likely that aerosol particles undergo cycles of freezing and drying during ice crystal formation and subsequent ice sublimation when exposed to dry, subsaturated conditions outside of the cloud. Such conditions occur in the lower parts of cirrus clouds (10) , in the outflow of high convective clouds (11, 12) , and when clouds are injected into the dry lower stratosphere (13) . Here we show that the atmospheric conditions for such aerosol processing are likely to occur readily in deep convective clouds that are common in the tropics and midlatitudes and reach the upper troposphere and tropical tropopause layer. We hypothesize that aerosols may undergo significant modifications following such freeze-drying cycles. In contrast to chemical aging, the modifications to the aerosols in a freeze-drying cycle may be induced by changes in the thermodynamic state of the aerosol particles, which may lead to unexplored phenomena with regard to aerosol particle morphology and phase.
Organic material and sulfates are prevalent in high-altitude interstitial aerosol and ice crystal residues of cirrus clouds throughout the tropics, subtropics, and midlatitudes (14, 15) . Recent studies have proposed that atmospheric organic aerosol particles may be in an amorphous glassy state, depending on the temperature and liquid water content (16, 17) . The glassy state affects ice nucleation capability (18) (19) (20) and water uptake and release (18, 19, 21) and slows down chemical aging of atmospheric particles due to slower diffusion of water and reactants into the particle (22) . Previous studies suggested that glassy aerosols emanating from deep convective clouds act as potential ice nuclei in the upper troposphere and tropical tropopause layer (23, 24) .
The experiments in this study simulate the atmospheric freezedrying cycle for organic and mixed organic/sulfate aerosol. We Significance Aerosols cycling through clouds affect particle morphological and chemical properties, thus modifying aerosol effects on cloud microphysics and climate. Previous studies have focused on aerosol processing in warm clouds via aqueous-phase reactions. Here we investigate the physical modifications of aerosols following processing within ice clouds using a unique laboratory setup that simulates ice cloud processes. The processed particles have a porous structure due to phase separation upon freezing, subsequent glass transition, and ice sublimation. Such modified aerosols can be better ice and cloud condensation nuclei and scatter less light. These changes have implications for aerosol-cloud interactions and optical properties of aerosols in the vicinity of clouds. follow how this ice cloud process affects the phase, size, and morphology of the processed aerosol particles and assess experimentally how changes in these parameters affect their cloud condensation nucleation activity and optical properties.
Results and Discussion
Laboratory-Simulated Freeze-Drying Cycle. We investigated several proxies for organic compounds that may be found in aerosols at high altitudes, focusing on natural organic matter (NOM), a proxy for large multifunctional and humic-like substances (HULIS) that compose a significant fraction of the water-soluble organic aerosol mass of secondary organic aerosols, biomass burning smoke, combustion aerosols, raindrops, and haze (25) . Other proxies used in this study include organic acids, amino acids, different humic and fulvic acids, and several inorganic salts. In particular, we compared the behavior of NOM with that of ammonium sulfate in its pure state and mixed with NOM.
A laboratory aerosol flow system (Methods and Fig. S1 ) was used to simulate the atmospheric freeze-drying process (Fig. 1A) . Size-selected NOM aerosol particles (red in Fig. 1A ) undergo hygroscopic growth at high RH (RH ↑) and then freezing at low temperatures (T↓ 215K). This stage mimics a typical atmospheric trajectory where an aerosol-containing air parcel is uplifted and cooled (e.g., as part of a deep convective cloud formation). In the second stage, a dry air environment (RH ↓) induces ice subsaturation at constant temperature and at atmospheric pressure. This stage corresponds to aerosols exiting the cloud and becoming exposed to dry subsaturated air with respect to ice (e.g., in the outflow of deep convective clouds). The diameter of the NOM aerosol particles emerging from this freezedrying process increases compared with the initial compact nonporous aerosol (green dashed line in Fig. 1D ), and the particle surface becomes irregular and corrugated (green image in Fig. 1A ). Aerosol particles that undergo the same drying process without freezing do not exhibit such changes (blue in Fig. 1 B and D). The growth upon freeze-drying is attributed to the formation of highly porous aerosol (HPA) ( Fig. 1 A and C) . The formation of pores leads to an increase in the mode diameter of the NOM particles (compared with the initial nonporous aerosol) by a growth factor (GF = D HPA /D initial ) of 1.5-1.8 (green circles in Fig. 1E ), resulting in significant porosity, P = 1 − GF −3 . A mixture of NOM and ammonium sulfate, representative of an internally mixed aerosol, exhibits a moderate GF of 1.1-1.2 (magenta diamonds in Fig. 1E ). No growth is observed for pure ammonium sulfate (cyan squares in Fig. 1E ) under these conditions. Growth factors for other organic and inorganic substances at the same conditions are within the range 1-1.8 (Table S1 ).
The porosity of the NOM HPA particles, as imaged by focused ion beam electron microscopy, was confirmed by two types of density measurements. First, we estimated the HPA particle density by comparing the aerodynamic diameter (from aerosol mass spectrometry) and the electrical mobility diameter (from an electrostatic classifier) following DeCarlo et al. (26) . We assume that the particles are spherical with a shape factor of ∼1 based on the scanning electron microscope (SEM) images of the NOM HPA presented in Fig. 1A . Second, we estimated the HPA particle density by using Stokes' law and the initial and HPA particle sedimentation rate measured by following the decrease in light extinction using a cavity ring down (CRD) system (Fig.  S2 ). For an initial homogeneous particle of 240 nm, the densities derived from the two methods agree closely, yielding a density of 1.44 ± 0.09 g·cm −3 for homogeneous NOM particles and a density of 0.37 ± 0.02 g·cm −3 for NOM HPA, implying an approximately fourfold decrease in density and a porosity of ∼0.75. For comparison, simply using the GF for NOM and assuming spherical particles, we calculate an ∼4.6-fold decrease in density for the same initial particle. (Detailed calculations are given in SI Text.) Thermodynamic Aging Pathway. The process that leads to the porous particle structure can be understood from the state Fig. 1 . Changes in size and morphology in aerosols following freeze-drying. (A) SEM image of a 250-nm NOM particle (red) before the freeze-drying cycle and an ∼400-nm highly porous NOM particle thereafter (dashed green). (B) SEM image of a 241-nm NOM particle after hydration and dehydration at room temperature without cooling (blue). (C) A FIB-SEM image of a cross-section of a ∼2.2-μm highly porous NOM particle after the freeze-drying cycle. (D) Size distributions of NOM aerosols before (red line) and after (dashed green line) freeze-drying. The blue line indicates the distribution without the cooling step. (E) Growth factor (GF = D HPA /D initial ) as a function of the original particle size for NOM (D is the mode diameter as measured by the SMPS), ammonium sulfate (AS), and a NOM-AS mixture (1:1 molar ratio). The error bars represent the standard deviation of several repeated measurements. The second y axis shows the corresponding porosity (P = 1 − GF −3 ). Note that the samples in the SEM images presented in A and B were coated with a thin layer of gold, and the sample in the FIB-SEM image (C) was coated with a thin layer of gold and a thick layer of platinum. For larger images see Fig. S3 .
diagram of the NOM/water system, acquired from a compilation of differential scanning calorimetry (DSC) measurements of emulsified micrometer-sized aqueous NOM droplets at various NOM weight fractions, w NOM , as shown in Fig. 2 . For w NOM ≤ 0.6, significant supercooling below the ice melting temperature (T m , blue line) occurs before homogeneous ice nucleation (T hom , black line) triggers a phase separation of the droplets into crystalline ice and an organic-rich phase. Because this organic-rich phase becomes concentrated upon further ice growth, the organic matrix vitrifies, i.e., transfers into a glass, as is confirmed in the DSC data by measurement of T g ′, the glass transition temperature of the freeze-concentrated matrix (red line) (17, 27) . The path of a humidified NOM aerosol in the flow tube experiments is overlaid in Fig. 2 (green lines) . At 298 K and an RH of 96 ± 3% (point A in Fig. 2) , the initial humidified NOM weight fraction is estimated to be between 0.44 and 0.66 from previously measured hygroscopicity growth factors of 1.2-1.25 for HULIS (28) . When the hydrated aerosols are cooled from 298 K (point A) to the homogeneous freezing temperature (∼230 K, point B), homogeneous ice nucleation and ice crystal growth occurs in the aqueous phase (yellow ice crystal). The accompanying phase separation between ice and NOM upon additional cooling (to 215 K, point C) leads to an increase in the NOM weight fraction as the NOM solute is rejected from the crystallizing ice front. The increase in solute concentration leads to vitrification at temperatures below T g ′, and ice pockets form within the glassy organic material (29) . When exposed to subsaturation with respect to ice, sublimation removes the ice from the pockets, leaving (semi)solid HPA particles. In these HPA particles, the organic glass serves as a scaffold that maintains the porous structure even upon exiting the flow tube and warming to room temperature (point D). We suggest that HPA can form only if the temperature of the aerosol is below the material's T g ′ during freezing. The aerosol must remain in the glassy state during the entire dehydration stage because if dehydration occurs at a temperature above T g , the lower viscosity of the organic material would cause collapse of the porous structure (30, 31) .
Moreover, for HPA to form, the humidified aerosol must freeze before the glass forms. For w NOM ≥ 0.8, no ice crystallization occurs, and the entire humidified aerosol transfers into a glass below T g (purple line), resulting in the formation of glassy aerosols rather than ice nucleation (17, 18, 32) . For lower weight fractions (such as in an aqueous droplet containing an aerosol or in a more dilute humidified aerosol particle than that with a w NOM of ∼0.5 shown in Fig. 2 ), more water is available to form ice pockets, and this could modify the pore fraction of the HPA. We note that the state diagram as a function of the solute weight fraction is distinctive for each material, resulting in different weight fraction limits at which this process is expected to occur (17) . In additional experiments, we confirmed that ice nucleation and growth, as well as glass formation in the matrix, are all essential for the formation of HPA (Fig. S4) . The requirement of glass formation is consistent with the observation that freezedrying of ammonium sulfate aerosols did not produce porous aerosol particles, because ammonium sulfate does not form glasses at 215 K but rather crystallizes instead (see SI Text for more on the differences between organics and salts).
Atmospheric Conditions for Occurrence of Highly Porous Aerosols.
We suggest that the freeze-drying process observed in our laboratory experiments may occur in the atmosphere in sublimation zones of high-altitude clouds, resulting in the formation of highly porous aerosol particles. The atmospheric freeze-drying-like process requires the flowing conditions: (i) hydration of the aerosol at warm temperatures, (ii) freezing at very low temperatures (at or below the homogeneous freezing temperature of pure water), and (iii) subsaturation conditions with respect to ice. In Fig. 3A , we show schematically where each step of the process can occur in deep convective clouds.
Using satellite data [Moderate Resolution Imaging Spectroradiometer (MODIS) level 3 cloud product (33)], it is possible to show that deep convective clouds reaching temperatures of −38°C and below [i.e., reaching temperatures at which homogeneous ice nucleation occurs in water droplets and dilute aqueous droplets (34) ] are quite common, composing up to 15-20% of the cloud pixels measured by MODIS in the tropical and midlatitude regions (Fig. S5) . In such deep convective clouds the aerosols would go through the required first two steps to create HPA (Fig. 3A) . The third requirement for HPA (ice-subsaturated conditions) is fulfilled outside of those deep convective clouds with cloud tops below −38°C because by definition, in the outflow of deep convection the ice cloud boundaries mark an icesubsaturated area in which ice crystals can sublimate (35, 36) . In addition, previous studies have shown that the frequency of occurrence of supersaturated areas with respect to ice are confined mainly to the tropics and rarely pass the 50% limit (37, 38) . This clearly suggests that subsaturation conditions occur frequently in the tropics, leading to ice sublimation. To demonstrate that ice crystals can undergo ice sublimation in the outflow of such clouds, we studied cases in central West Africa, showing that icesubsaturated conditions exist in the vicinity of deep convective clouds. We combined level 2 (5-km resolution) MODIS data (showing the existence of high cirrus and deep convective clouds) with radiosonde data form Ouesso, Congo (longitude 16.05°, latitude 1.61°), providing the adiabatic parcel path analysis and RH profile in the vicinity of these clouds. As seen in Fig. 3B , most of the region is covered by either deep convective or cirrus Fig. 2 . State diagram for the NOM/water system as a function of NOM weight fraction (w NOM ), derived from our DSC experiments. The blue and black lines and symbols represent the experimentally derived ice melting point curve (T m ) and the homogeneous ice nucleation curve (T hom ), respectively. The purple line represents the glass transition curve (T g ) obtained from fitting the Gordon-Taylor relationship to the experimentally determined T g data points for aqueous NOM (purple squares). Between T m and T hom , water is supersaturated but can exist as a metastable supercooled liquid state upon cooling because ice nucleation (yellow; point B) in that region is kinetically hindered in small droplets. T g ′ (the point at which the glass transition curve and the melting curve cross) was determined experimentally (red diamond) and is represented by the red line. Points A via B to C show the path of the experimental run for w NOM = 0.5-215 K and subsequent drying and warming to room temperature (point D). Note that the exact pathway depends on cooling rate, drying rate, and warming rate, which is why a broader estimated range (light green) is given.
clouds with tops that reach temperatures above (red) or well below (blue) the homogeneous freezing level. A radiosonde RH profile taken at the same time as the MODIS overpass is shown in Fig. 3C . The radiosonde was launched in a cloud-free pocket (indicated by the green asterisk in Fig. 3B ) and can therefore be taken to represent the ambient environmental conditions. The environmental profile is conditionally unstable and has potential to support convection and cloud development up to ∼100 hPa (∼ −80°C to −90°C). As can be seen in Fig. 3C , the RH in the vicinity of extremely deep convective clouds is still below saturation with respect to ice (and also liquid water) and hence would necessarily result in the sublimation of ice once the aerosols exit the anvil, fulfilling the third requirement for HPA formation ( Fig.  3A; for an additional case study, see SI Text and Fig. S6) .
A high abundance of organic material in high-altitude aerosols and cloud outflows has been reported in field measurements for out-of-cloud aerosol composition in the tropics, subtropics, and midlatitudes where temperatures favor ice formation (14, 39, 40) . Measurements of ice crystal residues within subvisible cirrus, cirrus, and mixed-phase clouds indicate that the nucleating aerosol particles are composed of either mineral dust (typically after heterogeneous ice nucleation) (41, 42) or organic and sulfate-organic-rich compounds (predominantly after homogeneous ice nucleation) (41) (42) (43) . The reported mass ratios of organic to sulfate range between 1:1 and 10:1 (39) , and therefore, the case examined here of 1:1 molar ratio NOM-ammonium sulfate HPA corresponds to the lower range of HPA formation potential for mixed composition aerosol. Moreover, Baustian et al. (23) concluded that under the conditions of ice formation in the midlatitude upper troposphere and tropical tropopause layer regions, organic aerosol particles (secondary organic aerosol and some organic/sulfate mixtures) are likely to be glassy a significant portion of the time. (18, 19) , we propose that HPA could serve as efficient atmospheric IN in these environments. Furthermore, recent studies found that ambient and laboratory-generated organic aerosols change their ice nucleation abilities following changes in morphology induced by aerosol-ice interactions (20) .
A porous structure may explain the observations of preactivation of organic aerosol particles after homogeneous ice nucleation below T g ′ (32, 44). The subsequent enhanced IN capability might be due to ice nucleation in pores taking place at lower supersaturations (45) and the availability of a larger surface area (46) . Because HULIS in the form of solid organic particles were shown to nucleate ice in the deposition and immersion modes (20) , HPA would likely be even more efficient IN. In addition, studies following ice supersaturation along individual trajectories that emanate from regions of deep convection after ice nucleation show that the requirements for HPA to act as ice nuclei can be readily found in the upper troposphere (23, 24) .
In addition to possible IN capability, we examined the cloud condensation nuclei (CCN) activity of HPA. We found a significant decrease in the critical supersaturation for activation of HPA (SI Text and Table S2 ), which is attributed mostly to the change in the particle size, as predicted by Köhler theory (47), but could also have a partial contribution from the corrugated surface and voids that can facilitate water uptake and ease water penetration (48) . Optical properties of HPA. Finally, we investigated the optical properties of HPA by measuring the change in extinction efficiency of the HPA compared with the nonporous aerosol using a CRD aerosol spectrometer (CRD-AS) at 532 and 355 nm (49, 50) . In Fig. 4 , it is shown that the extinction efficiency of the HPA (green squares) is substantially lower than that of the nonporous NOM aerosol (red squares). The refractive index (RI) of the initial NOM aerosol and the effective RI of the porous NOM aerosol were retrieved using a fit of the measured extinction efficiency to Mie theory (red and green lines). Subsequently, the Bruggeman mixing rule was used to estimate from the real part of the RI the porosity of the HPA that yields the best match to the retrieved effective RI (SI Text). The derived porosity (0.68-0.70) is somewhat lower than the HPA mean porosity values derived from growth factor measurements (0.72-0.78; see Table S3 ).
The substantial decrease in optical extinction of HPA implies that they may be "less visible" than nonporous particles of the same size. Because freeze-drying is likely to occur predominantly at the edges of ice clouds, it is possible that HPA contribute to "undetectable aerosol/clouds" within the so-called "twilight zone" around anvils and high convective clouds (51) . Because ice clouds are prevalent throughout the globe and because the porous structure of the HPA is preserved even outside of such clouds, the radiative effects of HPA may have significant consequences for the Earth-atmosphere radiation balance.
Conclusions
Aerosol processing through a freeze-drying cycle at the outflow of ice clouds, such as those occurring in deep convective clouds, may significantly modify the properties of organic aerosol particles by forming a highly porous glassy structure of low density. Pore formation may enhance the particles' capability to nucleate ice particles in clouds and reduce their optical extinction, thus possibly affecting precipitation and radiation which together largely drive the global atmospheric circulation and energy balance. We envisage additional unexplored atmospheric implications resulting from the presence of HPA in the atmosphere. A lower sedimentation rate owing to the lower density of HPA particles suggests that in dry and cold environments, HPA may have prolonged atmospheric lifetimes compared with nonporous aerosols. This potential longevity may affect the aerosols' radiative effect and its prolonged involvement in ice nucleation, cloud activation, and precipitation. The particle density decrease may also change how an aerosol affects turbulence in a cloud, further influencing cloud development and precipitation (52) . Moreover, the particles' larger and corrugated surface area may increase gas adsorption and rates of light-induced heterogeneous chemical processes (53) .
These implications depend on the HPA size and structure, which in turn depend on the cooling and drying rates of the hydrated aerosols during cloud ice formation and sublimation (SI Text). Because these rates vary greatly under different atmospheric conditions, we propose further detailed studies of such kinetic effects in laboratory experiments and microphysical models. Since deep convective clouds are common at all seasons in the tropical and midlatitude regions and HPA cycling can occur in deep convective cloud conditions, the results presented here suggest that HPA may be an important, yet unexplored, type of aerosol that may have significant implications for atmospheric ice nucleation as well as atmospheric chemistry and radiative transfer.
Methods
Experimental Freeze-Drying Aerosol Flow System. A freeze-drying aerosol flow system under atmospheric pressure was built to simulate atmospheric freezedrying. This system is composed of (i) an aerosol generation and size selection unit; (ii) a humidification section for hygroscopic growth at an RH of 96 ± 3%; and (iii) a cooling and drying unit at 215 K, in which supercooled water within the hydrated aerosols first forms ice which then sublimates after exposure to subsaturation conditions (Fig. S1) . The cooling rate is around 80 K·min −1 , and the residence time in the drying unit is around 76 s.
The residual aerosol particles following freezing and sublimation were examined for physical characteristics such as size, density, shape and morphology, CCN activity, and optical extinction. The size distribution was measured with a scanning mobility particle sizer (SMPS; TSI), the shape and morphology were determined using an SEM and a focused ion beam (FIB)-SEM system (SI Text), and the density was derived using an aerosol mass spectrometer (AMS; Aerodyne Research Inc.). The sedimentation rate and the optical properties of the particles were examined using a CRD-AS, and the cloud condensation nuclei activity was measured using a cloud condensation nuclei counter (Droplet Measurement Technologies, CCN-100).
Initial Aerosol Generation and Selection. Spherical aerosol particles were generated from International Humic Substances Society (IHSS) Suwannee River NOM (1R101N) and from solutions composed of a mixture of Suwannee River NOM and ammonium sulfate (1:1 molar ratio) using a constant output atomizer. [Other substances were examined in the size growth measurements only (SI Text).] The droplets were dried in a silica gel denuder (RH at the exit < 3%) and neutralized to obtain an equilibrium charge distribution. Size selection of the aerosol was achieved using a differential mobility analyzer (DMA; TSI) operating with a 4.6-standard-liter-per-minute (SLM) sheath flow and a 0.46-SLM sample flow.
HPA Generation and Selection. Following size selection, the monodisperse aerosol flow was introduced into a Nafion humidifier connected to a water bath circulator, ensuring an RH of 96 ± 3%, and after ∼6 s continued into a two-stage copper flow tube cooled by an ethanol bath circulator to 215 K (Fig. S1 ). The first stage of the flow tube is composed of two concentric tubes: (i) an inner diameter (ID) = 2 cm tube, through which the aerosol flow is introduced, and (ii) an outer tube for cooling the aerosol flow. The second stage of the flow tube is composed of (i) an ID = 2 cm tube, through which the aerosols flow, in continuation of the first stage inner tube; (ii) the same outer tube that cools the aerosol flow coiled with gaps around the inner tube (which is perforated to allow water vapor diffusion); and (iii) an additional outer column, surrounding the two second-stage tubes, that contains silica gel to absorb any moisture and/or sublimated vapor. In the second stage of the flow tube, an additional flow of dry nitrogen is introduced to the inner tube to further lower the RH. Upon exit, the flow is introduced into an additional silica gel column before further measurements of the aerosols' properties to ensure that the particles do not contain liquid water.
DSC Sample Preparation.
To obtain the state diagram of NOM in the freezedrying process, emulsified samples of aqueous NOM solutions were studied with a DSC (DSC822 Module; METTLER-TOLEDO). The emulsions were prepared similarly to Zobrist et al. (17) ; for details, see SI Text.
CRD-AS Measurements. The emerging HPA and the initial nonporous aerosols were directed into the CRD-AS system to measure their optical extinction. The original CRD-AS system (49, 50) was slightly modified, and the laser used in the current experiments is a Quantel ULTRA second harmonic Nd:YAG operating at 20 Hz. At 532 nm, the decay time for an empty cavity (cavity length is 93 cm) was 65 μs, corresponding to a mirror reflectivity of 99.988% and to a detection limit of 1 × 10 −9 cm −1 at a repetition rate of 20 Hz averaged over 100 s. At 355 nm, the decay time for an empty cavity was 12 μs, corresponding to a reflectivity of 99.91% and to an extinction coefficient of 6.7 × 10 −8 cm −1 at a repetition rate of 20 Hz over 100 s. The particle concentration at the exit of the cavity was determined by a condensation particle counter (CPC 3786; TSI). Fig. 4 . Extinction efficiency Q ext at a wavelength of (A) λ = 532 nm and (B) λ = 355 nm as a function of size parameter x = πD/λ for the nonporous NOM aerosol (red squares) and for HPA NOM of the same composition following freeze-drying (green squares). Lines are from a fit of the data retrieved using Mie theory to obtain the RI; see text. At λ = 532 nm, the RI of the initial aerosol is n = 1.59 ± (0.01) + i0.08 ± (0.01), and the RI of HPA is n = 1.16 ± (0.01) + i0.07 ± (0.01). At λ = 355 nm, the RI of the initial aerosol is n = 1.60 ± (0.01) + i0.14 ± (0.01), and the RI of the HPA is n =1.17 ± (0.01) + i0.09 ± (0.01). The error bars in Q ext of HPA correspond to the errors in the measured mode size of the freeze-dried aerosol; error bars on the x axis are omitted for clarity.
